Images of the basal plane of palladium ditelluride (PdTe 2 ) taken with a scanning tunneling microscope are discussed with the aid of scanning tunneling spectroscopy ͑STS͒ and angle-resolved photoemission results taken from the same material. Two states associated with transitions into unoccupied bulk conduction bands are observed at 0.5 eV and 1.7 eV. The STS results compare well with theoretical calculations of the density of states of PdTe 2 . In addition, the position of features in the STS spectra are found to compare closely with peaks appearing in the photoemission spectra taken at normal emission and peaks in the inverse photoemission spectra taken at normal incidence. As well as identifying the tellurium atoms as the main source of tunneling current for low bias voltages, the STS results provide experimental evidence that the scanning tunneling microscope preferentially samples states that exist along the ⌫A symmetry line of the Brillouin zone in this material.
The chemical identity of the atomic positions seen in high-resolution scanning tunneling microscopy ͑STM͒ images cannot be determined from the topographical data. This shortcoming of STM becomes particularly evident for samples comprised of more than one element. Important additional information on the source of the tunneling current can be obtained by collecting current versus voltage spectra in conjunction with STM images. To be useful, however, the observed scanning tunneling spectra need to reveal resonances that can be compared with other spectroscopic results for the material in question. Access to photoemission and inverse photoemission spectra is very helpful in this regard because established band-structure theories often allow the observed peaks to be confidently assigned to specific electron states. When similar features appear at the same energy in scanning tunneling spectroscopy ͑STS͒ data, it may be possible to use the same band-structure knowledge to identify the source atoms.
1,2
Atomic sites have been successfully identified on semiconductor surfaces with the aid of spatially resolved STS data collected during the topographical scan of the surface. 3, 4 Spatially resolved STS data is preferable but not necessarily essential for this task. The most important requirement is a method that detects all the current versus voltage resonances with energy levels close to the bias voltages used to collect the atomic resolution images. Many metals and metal alloys produce stable and reproducible images for bias voltages within 500 mV of the Fermi level without having the dangling-bond or prominent surface states that would make it easy to identify the atoms being imaged. 5 For such samples assistance can be obtained by resorting to STS techniques that maximize the collection of well-averaged spectra capable of revealing weaker bulk states. We have used a spatially averaged form of STS specially designed to detect low amplitude electron states. In addition, we have collected angle-resolved inverse photoemission data and used previously published photoemission data to compare with the STS results. 6 There has been considerable debate over the identity of the most prominent atomic sites appearing in the STM images taken from some transition-metal dichalcogenides. In some cases the brightest features in the STM images have been attributed to the underlying metal atoms. 7 This paper contributes to this debate by focusing on palladium ditelluride (PdTe 2 ), a metallic material belonging to group VIII of the transition metal dichalcogenides. 8 Both metal d bands and tellurium p bands contribute to the density of states ͑DOS͒ in the vicinity of the Fermi energy of this layered material 6, 9 making it particularly difficult to say which species of atom is contributing most to the tunneling current.
Palladium ditelluride has the same structure as cadmium iodide with a hexagonal unit cell and Brillouin zone as shown in Fig. 1 . 6, 8, 9 One layer of PdTe 2 consists of a hexagonally arranged plane of palladium atoms lying between two planes of hexagonally close-packed tellurium atoms. The prismatic symmetry of the compound means that alternate layers are arranged in an ABC pattern in the bulk crystal. Thus one Te-Pd-Te layer is sufficient to define the unit cell in the c direction. The bonding between the atoms in each layer is predominantly covalent. The bottom plane of tellurium atoms in one layer faces the upper plane of tellurium from the layer below. The bonds between adjoining layers of tellurium atoms are attributable to weak Van der Waals forces and are easily broken by cleaving. The ease with which the samples could be cleaved to produce clean flat crystalline surfaces leads to the inference, drawn by other authors studying other transition-metal dichalcogenides, that the surface terminates with a layer of chalcogenide atoms. 7, 10 Freshly cleaved samples of PdTe 2 were imaged in air and in UHV ͑base pressureϽ1ϫ10 Ϫ9 Torr͒. For the experiments carried out in UHV, the sample was cleaved in air using adhesive tape and immediately transferred to the UHV system, where it was heated to 200°C for 2 h and then allowed to cool to ambient temperature. The hexagonal structure of PdTe 2 is clearly seen in the STM images in Fig. 2 . Three rows of prominent high current ͑white͒ spots, each oriented at 120°to the other, can be seen in the constant height images shown in Fig. 2 . Figure 2͑a͒ is an image taken in air with a set point current of 7.3 nA and a bias voltage of 4 mV, and Fig. 2͑b͒ is a UHV image taken with the current set at 0.36 nA and the bias at Ϫ0.199 V. The choice of current and bias in Fig. 2͑a͒ suggests this image was most likely taken with the tip closer to the surface than was the case in Fig.  2͑b͒ . The distance 4.0Ϯ0.1 Å between the bright spots in the images in Fig. 2 matches the interatomic distance measured by x-ray diffraction, 11 indicating every atom in one layer of the crystal makes an equal contribution to the image. It is not however possible to decide whether the brightest spots emanate from a plane of tellurium atoms or from a plane of palladium atoms. In some parts of the images, it is possible to make out a second hexagon of atomic sites of intermediate intensity interposed between the bright and dark ones along the ͓101 0͔ direction ͓see Fig. 1͑a͔͒ . It is possible that such sites, which have been observed in other transition-metal dichalcogenides, 10 originate from a second layer in the crystal.
Spatially resolved STS requires the feedback controller to be disabled while the bias voltage is ramped. 3, 12 The voltage excursion must be performed quickly to allow the bias to settle back to its starting dc level for the resumption of imaging before drift alters the position of the instrument. On metal surfaces where the tunneling current rises rapidly with applied voltage, the technique can become unstable. Furthermore, the sharp tips required for atomic resolution do not generally produce the best STS data. 2, 13 Current versus voltage data can be obtained without disrupting the electronic control circuit by adding an ac component to the dc bias voltage at a frequency well beyond the circuit's cutoff frequency.
14 A 2 V oscillation can be used to investigate states within 2 eV of the Fermi level (E F ) of a sample with the energy resolution obtained dependent on how much current data can be collected each cycle. The number of voltage cycles that can be collected and averaged depends only on the capacity of the data acquisition system and not on the stability of the tunneling junction.
In the STS experiments, which led to the spectra shown in Fig. 3 , the oscillating bias signals were derived from computer-generated square waves that could be synchronized with the 100 kHz square wave used to trigger the collection of each current reading. Ninety or more cycles of data were averaged and any capacitive current removed to provide a single averaged I-V curve.
14 The averaged I-V curves were then numerically differentiated and divided by I/V to flatten and normalize the spectra. 13 Curves A -C in Fig. 3 are normalized STS spectra of PdTe 2 taken from an STM operating in UHV. Curves D -G were taken with an STM operating in air. All curves are plotted with respect to the Fermi level, i.e., with respect to the negative tip bias voltage. The dashed curve at the bottom of Fig. 3 is the total DOS function for PdTe 2 calculated by the authors of Ref. 9 . A tungsten tip was used to acquire the spectrum in curve D, and PtIr tips were used for the other spectra. Set point currents between 0.03 nA and 0.37 nA were chosen to vary the tunneling gap while containing the amplitude of the ac tunneling current under 40 nA. The need to make provision for the collection of high current values meant a concomitant loss of resolution when measuring very low currents around Vϭ0. The use of a sinusoidal voltage oscillation also meant a slightly lowerenergy resolution in this part of each I-V curve. Despite being divided by I/V, most spectra in Fig. 3 still tend to rise as the voltage moves away from zero. The strong voltage dependence of the tunneling current and the nonzero value of di/dV at Vϭ0 are in keeping with PdTe 2 being a metal.
There are four features to consider in the experimental STS spectra in Fig. 3 . For energy levels above E F a resonance U1 around 0.5 eV is seen in all spectra. In the widest spectra a second peak U2 appears around 1.6 eV. A resonance O1 at Ϫ0.8 eV and a broader one O2 occurring between Ϫ1.5 eV and Ϫ1.6 eV are labeled in the occupied region. The distinctiveness of the features observed in STS spectra vary between curves, appearing less pronounced in data taken from steeper I-V curves with higher dc tunneling currents. Nevertheless, the stringent averaging technique applied in forming each averaged I-V curve and the repetition seen in several experiments with both W and PtIr tips gives confidence that the identified features relate to the electronic structure of the samples.
The right-hand curve in Fig. 4 is an angle-resolved normal-incidence inverse photoemission spectroscopy ͑IPES͒ isochromat taken from a PdTe 2 sample cleaved in situ in a vacuum of Ͻ10 Ϫ10 Torr. This data was recorded at a photon energy of 11.4 eV using an electron beam with an estimated maximum uncertainty in k parallel of ϳ0.14 Å Ϫ1 . The details of the bandpass detector used to collect the data have been reported elsewhere. 15 Two important features of interest in the isochromat occur at 0.5 eV and 1.7 eV. These peaks, labeled J1 and J2, indicate transitions into unoccupied bulk conduction bands of the sample. The energy assignments were made by taking the Fermi level to be at the midpoint of the leading edge of a freshly evaporated Au sample that was in electrical contact with the PdTe 2 sample.
The appearance of J1 and J2 in a normal-incidence spectrum allows them to be identified as transitions into unoccupied bulk conduction bands occurring along the ⌫A symmetry line of the Brillouin zone ͓see Fig. 1͑b͔͒ . Further analysis of their k-space locations would require assumptions to be made about their initial states. Nevertheless, the bandstructure plot for PdTe 2 calculated by Guo and Liang 9 shows ⌫ point energies occurring at 0.7 eV, and 1.9 eV, and an A point energy at 1.7 eV. The states predicted to exist at the ⌫ point and at the A point of the Brillouin zone are listed in Table I together with their bonding character. The peak J2 in Fig. 4 is broader than J1 and may contain contributions from two unresolved transitions with similar final-state energies close to 1.7 eV. The intensity of the IPES spectrum in Fig. 4 drops distinctively after the J2 peak indicating a gap between the lower and upper conduction bands of approximately 1 eV. The strong feature at the start of the upper conduction band around 4.8 eV is believed to be an image state, and further confirmatory work is in progress.
The left-hand side of Fig. 4 shows a normal-emission photoemission spectroscopy ͑PES͒ spectrum taken off a PdTe 2 sample by Orders and co-workers 6,16 using a Ne I ͑16.8 eV͒ photon beam. Peaks in this PES spectrum correspond to transitions occurring along the ⌫A symmetry line from bulk bands, with a more specific k-space determination requiring assumptions to be made about the final-state bands. From Table I it can, however, be seen that the occupied states predicted at A and at ⌫ are consistent with many of the peaks in the PES spectrum.
It is usual, following the theoretical analysis of Tersoff and Hamann, 17 to compare STS spectra with a calculation of the sample's DOS. Good agreement can be seen between the features, O1, O2, U1, and U2, in Fig. 3 and peaks and shoulders in the theoretical DOS function reproduced from Ref. 9 at the foot of the figure. The availability of angle-resolved PES and IPES spectra ͑where only the normal results have been displayed in Fig. 4͒ allows the extent to which the STS data is k resolved to be considered. For unoccupied energy levels, it can be seen that the peaks J1 and J2 in Fig. 4 match the resonances U1 and U2 in Fig. 3 . From the voltage ramps taken to 2 V in Fig. 3 , it is clear that the state at U2 is more prominent than the state at U1. This result indicates the STS technique is more sensitive to states existing at the A point than it is to those occurring at the ⌫ point, as discussed in Ref. 13 . The appearance of O1 and O2 in the STS spectra for energies below the Fermi level further illustrates the sensitivity of STS to states existing at the A point.
From Table I it can be seen that the source of the electrons responsible for the features labeled O1, U1, and U2 in Fig. 3 are the p bands of the tellurium atoms. The two predicted states at Ϫ1.4 eV and Ϫ1.6 eV appear as a single peak in both the STS and PES spectra. It is not possible to determine the principal source of this feature as one of the predicted states has a metal d character and the other has a chalcogen p character. The STS peaks O1 and O2 occur marginally closer to E F in the STS spectra than in the PES spectra, a result which is consistent with the relevant bands in the LAH plane ͓see Fig. 1͑b͔͒ having minima at the A point. 6, 9 The inclusion of some off-normal electrons in the STS peaks would push them to energies marginally higher than the normal-emission peaks.
Once features in a sample's STS spectra are linked to peaks in its PES and IPES spectra, knowledge of the material's band structure can be used to interpret the STM images. The photoemission results and subsequent theoretical calculations indicate that there is heavy mixing of the chalcogen p bands and metal d bands in PdTe 2 , 6,9,16 so that both tellurium and palladium electrons are possible sources of the high intensity spots in Fig. 2 . The STS experiments on PdTe 2 were performed after STM imaging no longer produced atomic resolution images. It can therefore be presumed that the tunneling current signals giving rise to the STS results in Fig. 3 have averaged the DOS of the sample over a number of atomic sites with tellurium and palladium states feeding into the tunneling current. This mixing may be reflected in the position of some of the STS peaks, with, for example, the broad O2 peak seen around Ϫ1.6 eV likely to include contributions from both the p(z) and d(z 2 ) electron states. The appearance of regions of intermediate intensity along the ͓101 0͔ direction in some parts of the images in Fig. 2 is also consistent with both tellurium p states and palladium d states contributing to the tunneling current signal.
The one clear point to emerge from the STM images in Fig. 2 is that electrons from one species of atom, either palladium or tellurium, are the stronger contributors to the tunneling current at low bias voltages. The STS results together with the accepted geometric order of the tellurium and palladium layers allow this indetermination to be resolved. Apart from a state at 0.1 eV, which is not sufficiently resolved, the states within 2 eV of the Fermi level that are expected to have a chalcogen p character are seen in Fig. 3 . The STS spectra clearly indicate that tellurium atoms are contributing electrons to the tunneling current at low bias voltages on both sides of the Fermi energy. While it is unlikely that these atoms are the exclusive source of the tunneling current from PdTe 2 samples, the fact that these atoms are expected to occupy the uppermost positions in the crystal lattice makes them the most likely source of the strongest signal. It is thus considered that the positions where the tunneling current has the highest intensity in the images in Fig.  2 are the positions of tellurium atoms in the topmost layer of the material.
In conclusion, IPES and STS have been used to identify two unoccupied bulk states at 0.5 eV and 1.7 eV in the metallic layered compound PdTe 2 . A number of previously identified occupied bulk states also occur in the STS spectra. The position of the resonances in the STS spectra fit closely with the position of the peaks seen in the normal-incidence IPES and normal-emission PES spectra. Identifying features in the STS spectra of PdTe 2 with states known to exist at the A point and at the ⌫ point of the Brillouin zone provides experimental evidence that electron wave functions extend- ing out from the sample surface are strong contributors to the tunneling current for this sample. 18 From a knowledge of the band structure of PdTe 2 , it is possible to conclude that tellurium p electrons are the principal source of the tunneling current in PdTe 2 images obtained at low bias voltages.
